INTRODUCTION
Ordered intermetallic compounds are receiving increasing attention due to their higher specific strengths, stiffnesses, and high temperature properties. Future utilization of intermetallics in jet engines as compressor blades and vanes or in automotive turbo-chargers includes potential exposure of these materials to dynamic andlor shock impulse loads. Accurate design using intermetallics therefore requires a strong fundamental understanding of the influence of dynamic loading on their structure / property response. However while numerous experimental studies have probed the quasi-static mechanical behavior of intermetallics relatively little is known concerning their response to dynamic loading, in particular shock loading [I-51. In contrast to conventional structural materials, such as aluminum alloys or steel, intermetallics feature a structurally-ordered matrix. Ordering is known to have a strong influence on defect generation and storage as well as result in strong strain-rate sensitivities in many intermetallics due to the influence of structural order on dislocation motion. In order to evaluate the influence of shock-wave deformation on the structurelproperty behavior of intermetallics two different Ti-aluminides, Ti-48Al-2Cr-2Nb(hereafter Ti-48-2-2) and Ti-24A1-11Nb( hereafter Ti-24-1 1) were selected. Ti-48-2-2 represents a TiAl-based
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1994857 intermetallic with an ordered-fcc [Llo] crystal structure and the Ti-24-11 represents a Ti3Al-based intermetallic with an ordered-hcp [DO191 crystal structure. The objective of this work can be summarized by considering the deformation history occurring during shock-wave deformation of intermetallics in the following sequence of events. a) How do intermetallics differ from pure metals in terms of their ability to sustain work hardening and store defects under shock-wave loading? b) What stress levels can be attained in intermetallic compounds after shock prestraining and what configurations of lattice defects are required to attain these stress levels?
EXPERIMENTAL TECHNIQUES
The chemical compositions, essential microstructural features, and initial yield stresses of the intermetallics Ti-48-2-2 and Ti-24-11 are summarized in Table I . To assess the substructure evolution and mechanical response of Ti-48-2-2 and Ti-24-11, samples were shock prestrained and "soft" shock recovered. Samples were shocked to -10 GPa for a pulse duration of 1 ys, at 800 m/s in a symmetric Ti-6A1-4V assembly 1 impactor shot, in an 80-mm single-stage launcher utilizing recovery techniques as described previously [6] . The recovered disks were sectioned to provide samples for post-shock mechanical testing and for substructure examination using transmission electron microscopy (TEM). Cylindrical compression samples were EDM machined from the as-received and shock-recovered samples, and reloaded at a strain rate of 0.001 s-1 at 298K to probe the constitutive mechanical response. 
RESULTS AND DISCUSSION
The stress-strain responses of Ti-48-2-2 and Ti-24-11 deformed quasi-statically in their starting microstructural conditions and following shock prestraining to 10 GPa are shown in Figures 1 and 2 , respectively. The quasi-static yield of the annealed Ti-24-11 is seen to be 600 MPa compared to the -350 MPa yield of the annealed Ti-48-2-2. The reload curves for the shock prestrained intermetallics in both figures have been offset with respect to the annealed responses at low-strain rate by the transient strain generated by the shock defined as 413 In (VNo) , where V and Vo are the final and initial volumes of Ti during a 10 GPa shock cycle. The volumes utilized in this calculation assume the EOS response of pure titanium for each material since the EOS's of both intermetallics are unknown. The lack of detailed EOS information for all intermetallics is a serious scientific barrier to the advancement of shock studies on advanced materials.
Both intermetallics exhibit extended work-hardening to high stress levels of order 1.2 or J.4 GPa. The stress levels achieved at compressive strains > 0.25 during quasi-static deformation at 25 C, normalized with respect to the elastic modulus [E] , are El85 for Ti-24A1-11Nb and El140 for Ti-48A1-2Cr-2Nb. The rates of sustained hardening are seen to be surprisingly similar in both intermetallic compounds. The work-hardening rates of the quasi-static starting intermetallics and the reloaded shock prestrained are also seen to be similar for each material. The rate of hardening is 2650 and 1850 MPa I unit stain for the Ti-48-2-2 and Ti-24-11 intermetallics, respectively. Normalizing the quasi-static hardening rate 0 with the Taylor Factor, M, for a random titanium polycrystal stressed in compression and deforming by slip and tensile twinning, [OI (4.25)2], yields a strain hardening rate of +I334 for Ti-48A1-2Cr-2Nb and w482 for Ti-24A1-1 lNb, where p is the shear modulus.. These hardening rates are consistent with Stage-II type hardening rates in BCC metals and also that typically exhibited by a+P-Ti-alloys [2, 3] .
The shock responses of both Ti-aluminides were found to exhibit no enhanced shock hardening compared to the flow stress of the starting materials deformed quasi-statically to an equivalent strain level. The shock prestrained Ti-48-2-2 was found to have virtually the identical reload flow strength as the flow stress of the annealed Ti-48-2-2 quasi-statically deformed to a true strain of 10%; equivalent to the shock transient strain for the 10 GPa shock. The stress-strain response of Ti-24-1 1 is observed to possess a lower quasi-static yield strength but after -3% strain to exhibit a similar work-hardening rate as the quasi-static stress-strain response. The reloaded Ti-24-1 1 is also seen to exhibit a sustained hardening response after yield. The lack of an enhanced shock hardening in both Ti-aluminides is: 1) significantly different than the pronounced shock hardening behavior of disordered fcc metals like Cu or Ni [6] or the previously studied L12-ordered intermetallic Ni3A1 [7] , yet 2) similar to a previous shock study on a conventional Ti-alloy such as Ti-6A1-4V [2]. 
True Strain
Stress-Strain Response of Ti-48-2-2 in its starting condition and following shock prestraining to 10 GPa; the shock curve being offset by the transient strain in the shock.
TEM examination of substructure evolution significant deformation the two intermetallics subjected to shock prestraining revealed different for the Ti-48-2-2 and Ti-24-11. The shocked Ti-48-2-2 is seen to display twinning( Figure 3 ) while deformation in the Ti-24-1 1 was seen to occur by pl&ar slip i s shown in Figure 4 . The observation of deformation twins in the Ti-48-2-2 is consistent with previous observations that twinning is promoted in TiAl-based intermetallics by either increased strain-rate or decreased test temperature [2] . The lack of twinning in Ti-24-1 1 is similar to previous observations on shock-loaded stoichiometric Ti3Al [7] and Ti-24.5A1-10.5Nb-1.5Mo deformed under high-strain-rate and cryogenic conditions where deformation twins were also not observed to form [3] . The propensity for planar slip-band formation in Ti-24-1 1 under shock-loading conditions is consistent with the suppression of cross-slip in this material and is also a similar trend in a large number of materials including disordered titanium alloys such as Ti-6A1-4V [8, 9] .
The lack of shock hardening in the two intermetallics is similar to that seen in pure bcc metals and opposite from the significant hardening typical of fcc metals [6, . This suggests that defect generation and storage processes in the two Ti-aluminides are controlled by the significant Peierls stresses operative in these intermetallics. It is interesting to consider why certain material classes exhibit pronounced shock strengthening, like the fcc metals Cu and Ni, while others do not, such as Ta, Nb, and W, or some which even exhibit a decreased reload yield strength such as is seen in shocked composites 161. Increased hardening during shock loading in fcc metals and alloys has been qualitatively linked to the generally accepted subsonic restriction on dislocation velocity. This restriction requires the generation and storage of a larger number of dislocations for a given strain than at quasi-static strain rates.
Observations of a strong dependence of the initial Stage I1 work-hardening rate [10,11] on strain rate in fcc metals, such as copper and nickel, supports this concept. This increased hardening response in the fcc metal case clearly shows that the inherent dislocation-dislocation micro-mechanisms responsible for defect storage are altered in the shock. The exact phenomena responsible for this increased hardening efficiency in the shock has yet to be adequately explained or modeled [10, 11] . The pronounced hardening in high SFE fcc metals suggests that it is linked to both: (a) increased dislocation interactions resulting from enhanced dislocation nucleation at the higher stress levels achieved at high strain rates, and (b) suppression of dynamic recovery processes, which depend on cross-slip [7] . Cross-slip is made more difficult when deformation occurs at higher strain rates due to reduced thermal activation assisting dislocation motion and more planar slip results [71. More "homogeneous" dislocation nucleation or widespread multiplication from existing sources with increasing stress levels at higwshock strain rates will lead to reduced dislocation slip distances prior to tangling with other defects [12] .
Given the importance of dislocation processes in shock hardening defect storage phenomena can be viewed using the framework of dislocation kinetics as is applicable in the case of low-rate plasticity [10, 12] . The observation of no enhanced shock hardening is believed to reflect the influence of the large lattice friction (Peierls Stress) component of the flow stress on defect generation and storage in both Ti-48-2-2 and Ti-24-1 1. At low temperatures and high-rates, the Peierls stress is a significant portion of the flow stress in low crystal symmetry materials, including most intennetallics. Accordingly, under highrate loading dislocation motion in Ti-48-2-2 and Ti-24-1 1 will be restricted and cross-slip inhibited significantly or totally suppressed. These effects will be particularly pronounced on screw dislocations which have a higher Peierls barrier than edge segments in low symmetry materials having anisotropic dislocation cores [12] . This disparity in cross-slip propensity in intermetallics where defect generation is dominated by dislocation processes will significantly alter defect storage at high-rate or low temperatures leading to similar hardening behavior from quasi-static to shock-loading rates.
The suppression of cross-slip in intermetallics at shock-loading strain rates will change dislocation motion from 'areal' to 'lineal' glide[l3]. This will significantly change work hardening processes by suppressing the storage of new dislocation line length. The absence of shock-enhanced hardening in Ti-48-2-2 and Ti-24-1 1 is consistent with the lack of a dependence of the Stage-11 hardening rate in both intermetallics on strain rate [5] . The lack of an enhanced shock-hardening response in both intermetallics supports the importance of dislocation kinetics in describing the thermally-activated generation and storage of dislocations in this class of intermetallics, similar to bcc metals, such as tantalum [12] where Peierls stresses control plasticity at low temperatures or high strain rates.
The reload stress-strain response of the shocked Ti-24-1 1 is lower than the quasi-static stress-strain curve similar to previous observations on a shock-loaded Al-Zn-Mg-Cu alloy-Sic composite[l4]. At first glance this behavior seems inconsistent with the fact that during quasi-static loading many ordered intermetallics exhibit both high and sustained work hardening rates. These facts might suggest that we would expect substantial shock hardening in the case of intermetallics. This is in fact observed in the case in shock-loaded Ni3A1 [7] . However Ni3A1 differs from Ti-24-1 1 in two critical ways. Firstly, Ni3A1 exhibits no rate sensitivity of its yield stress [4] due to the lack of any significant Peierls stress contribution to its flow behavior. Secondly, the substructure in Ni3Al is dominated by more uniform dislocation storage and pronounced cross-slip [4].
In the case of Ti-24-1 1 the flow behavior is both rate dependent, displays non-isotropic slip behavior (planar slip), and is comprised of both equiaxed a 2 but also lamellar a 2 and P (multiply phases). These three attributes coupled with the shock process, which contrary to a uniaxial test, deformation encompasses a stress and strain path reversal during the compressive loading and release [6] , will alter defect storage phenomena in Ti-24-1 1. The lower reload yield stress in the Ti-24-1 1 appears consistent with a Bauschinger effect contribution to the reload yield response in Ti-24-1 1. This Bauschinger contribution in the reloaded shock samples is manifested in lower yield behavior after the strain-path reversal inherent in the shock and can be caused in the Ti-24-1 1 by: 1) the back stresses built up during the shock release due to the multiply phases in this intermetallic which each possess somewhat different yield responses, or 2) increased slip-reversibility in the matrix decreasing defect storage related to the planar mode of slip in Ti-24-11 under shock loading.
SUMMARY AND CONCLUSIONS
Based upon a study of shock prestraining on the structure/property response of Ti-48A1-2Cr-2Nb and Ti-24A1-1 lNb, the following conclusions can be drawn: 1) the reload yield behaviors of shock prestrained Ti-48-2-2 and Ti-24-1 1 exhibit no enhanced shock hardening compared to each intermetallic deformed
